A micro-probe based on laser trapping has been proposed for the probe system of a nano-coordinate measuring machine. This study focused on the "shadow effect," which is the case wherein a partial beam for laser trapping is shaded by the specimen. A radially polarized beam was introduced to improve the shadow effect. As the result of increasing the trapping efficiency by 3.2 times, this high-efficient laser trapping made it possible to extend the measurable range of the vertical surface under the shadow effect.
Introduction
Recent advances in micro-system technology have made necessity of a tight tolerance for the manufactured and assembled system. The development of a nano-coordinate measuring machine (nano-CMM) is imperative for the assessment of the dimensions of micro-parts smaller than approximately 10 millimeters (1) . Particularly, the micro probe is a key device. At the micro-scale, the stylus of the tactile micro-probe is stick to the surface (2) . This is because of the "scale effect," whereby surface forces rather than volume forces become the dominant force. Therefore, under such condition, it becomes difficult to determine the position of a surface using conventional tactile probes principles. To resolve this issue, we have developed a micro probe system for the nano-CMM. This probe is based on laser trapping technology and is called the laser trapping based micro probe (3) . The laser trapping based micro-probe is a pseudo tactile probe and is capable of detecting a surface at a resolution as high as 30 nm without any contact (4) .
There is one issue to be solved for the laser trapping based micro-probe. A highly focused laser beam is required to trap a micro-sphere. In practical measurement cases, a specimen may disturb the focused trapping laser on certain occasions. This laser shading produces an unwanted phenomenon for probing (5) . Since the laser beam plays an important role in the laser trapping based micro-probe performance, in this study, a radially polarized laser beam was employed to address the phenomenon in trapping laser shading. The effect of the radially polarized beam was experimentally confirmed.
Laser trapping based micro-probe

Principle of sensing surface
The laser trapping based micro-probe acts as a surface-sensing probe for the nano-CMM. The probe stylus is a glass sphere 8 μm in diameter, which is trapped in three dimensions by optical radiation pressure. Steep optical potential in the beam waist generated by a tightly focused laser attracts the glass sphere (6) , and then, the sphere position is maintained near the beam waist, as shown in Fig.1(a) . The optical radiation pressure performs as a spring force. Stable laser trapping is realized by using the objective lens with a high numerical aperture (NA). In air condition, an objective lens with NA 0.95 is the most reasonable for generating a steep optical potential. Consequently, a high trapping efficiency is achievable. When the trapped sphere is closer to a surface by less than tens of hundreds of nanometers, the sphere is affected by attractive adhesion forces from the surface, which change the equilibrium position of the trapped sphere. The surface is detected by monitoring the probe shift. However, the force of the optical radiation pressure is on the order of sub-nanonewtons. Therefore, the trapped sphere can easily fluctuate due to external noises such as Brownian motion or airflow, which degrade the sensitivity of the probe. To overcome noise, the sphere is actively oscillated at a certain frequency. The dynamics of the oscillated sphere is modeled by a mass-spring-damper system (4) . The response amplitude of the sphere is expressed as follows.
where A x and A are the response and oscillated amplitude of the sphere, respectively, k is the lateral spring constant, m is the sphere mass, D is the viscous drag coefficient, and ω is the oscillated frequency. Previous investigations revealed that the sphere oscillation was greatly dampened near the surface by the viscous drag force. By monitoring the response amplitude of the oscillated sphere, the surface can be detected with high resolution ( Fig.1(b) ) (4) .
Shadow effect
The laser trapping based micro-probe uses a highly focused laser beam (trapping laser) to trap a sphere. Therefore, a steep-slope surface such as a vertical surface may shade a portion of the trapping laser when probing, as shown in Fig.2 . This phenomenon of laser shading is named the shadow effect. The shadow effect causes two concerns: a decrease in the laser power irradiated to the probe sphere and a disturbance of the optical potential near the beam waist.
In order to ascertain the optical potential in the shadow effect, the electromagnetic field near the beam waist generated by the focused laser beam is calculated by means of a finite-difference time-domain (FDTD) simulation method. The conditions of the simulation are such that a glass sphere (φ8 μm, n = 1.44) is located 1 μm below the beam waist of the focused laser (NA 0.95), the cell size is 40 nm, the laser wavelength is 1064 nm, the laser polarization is linear, and the spatial area of the analysis is 22 μm(X) × 22 μm(Y) × 12 μm(Z). Figure 3 shows the simulated electromagnetic fields. The red circle means the circumference of the sphere. The red region indicates area of a stronger electromagnetic field. Figure 3(a) shows the laser trapping by the focused laser in free space, where the strong optical potential in the beam waist is confirmed. The simulated result of the shadow effect is shown in Fig.3(b) , with the shaded portion of the laser illustrated as a black bar. The shadow effect makes the beam waist blur, resulting in unstable behavior of the probe sphere, especially in the direction of the Z-axis.
These results are in good agreement with the previous fundamental experiments (5) . Via the experiments, it was predicted that the measurable Z-axis volume for a vertical surface is only 9 μm with the objective lens of NA 0.95, and 21 μm with the objective lens of NA 0.80, respectively (5) . Indeed, performance of the laser trapping based micro probe is influenced by the shadow effect in such cases as measuring a vertical wall.
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The polarization state of the trapping laser is converted using a polarization filter consisting of 12 half-wave plates (8) , which change the linear polarization into radial polarization. The polarization converter filter is inserted before the half-mirror and placed adjacent to the objective lens.
Effect of radial polarization
Trapping efficiency
A highly focused laser is indispensable to gain sufficient trapping efficiency for trapping a spherical object. This implies that the shadow effect is an ineludible problem for the laser trapping based micro-probe. One approach to decreasing the influence of the shadow effect is to improve the trapping efficiency.
The trapping efficiency is defined by the amount of incident laser power converted into the upward trapping force:
where Q is the trapping efficiency, F Z is the upward component of the trapping force, n 1 is the refractive index of the surrounding air, c is the speed of light, and P is the incident laser power. A high trapping efficiency enables stable trapping of the probe sphere under the shadow effect, because the un-shaded portion of the laser beam is able to trap the probe sphere.
Measurement of trapping efficiency
Although the trapping efficiency is evaluated by Eq.(2), it is difficult to extract the upward component of the trapping force only. Therefore, the trapping efficiency is assessed by measuring the minimum trapping power necessary to trap the particle, while the upward component of the trapping force F Z is taken to be equivalent to the mass of the particle. This method is easy to measure, although there is a tendency to underestimate the trapping efficiency (9) . However, it is sufficient to evaluate the improvement from radial polarization. After successful trapping of a glass particle (φ8 μm), the trapping laser power was gradually decreased and the laser power was recorded when the particle failed. The initial trapping laser power was 400 mW and the NA of the objective lens was 0.95.
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Conclusion
The laser trapping based micro-probe was proposed for a probe nano-CMM system. This study focused on addressing the shadow effect by improving the trapping efficiency. Radial polarization was introduced to improve trapping efficiency. As a result, the trapping efficiency was increased 3.2 times, making it possible to apply the laser trapping based probe to vertical surface measurement. The axial probing range was expanded more than 5 times.
In this paper, it was possible to improve the trapping efficiency for an aspect of the trapping laser. As a next approach, the optical morphology of the probe sphere would be highlighted for a drastic improvement of the trapping efficiency, by generating the negative optical forces (pulling forces) (10) .
